Using models of serum deprivation and 1-methyl-4-phenylpyridinium (MPP ؉ ), we investigated the mechanism by which thioredoxin (Trx) exerts its antiapoptotic protection in human neuroblastoma cells (SH-SY5Y) and preconditioning-induced neuroprotection. We showed that SH-SY5Y cells are highly sensitive to oxidative stress and responsive to both extracellularly administered and preconditioning-induced Trx. Serum deprivation and MPP ؉ produced an elevation in the hydroxyl radicals, malondialdehyde and 4-hydroxy-2,3-nonenal (HNE), causing the cells to undergo mitochondria-mediated apoptosis. Trx in the submicromolar range blocked the observed apoptosis via a multiphasic protection mechanism that includes the suppression of cytochrome c release (most likely via the induction of Bcl-2), the inhibition of procaspase-9 and procaspase-3 activation, and the elevated level of Mn-SOD. The reduced form of Trx suppresses the serum-free-induced hydroxyl radicals, lipid peroxidation, and apoptosis, indicating that Thioredoxins (Trx) 1 contain two redox-active cysteine residues in their conserved active centers that can be oxidized to form intramolecular disulfide bonds (Trx-S 2 ). Reduction of Trx-S 2 is catalyzed by Trx reductase with NADPH as the electron donor. The thiol oxidoreductase activity of Trx makes it suitable to function as an electron carrier for the catalytic actions of peroxidases and as a protector protein against unwarranted oxidant-mediated inter-or intramolecular disulfide bond formation (1-4). Trx is capable of removing H 2 O 2 (5), particularly when it is coupled with either methionine sulfoxide reductase (6) or Trx peroxidase systems (7). At a relatively high concentration, Trx can enhance the biosynthesis of Mnsuperoxide dismutase (Mn-SOD) (8). It can also selectively activate the DNA binding affinities of certain transcription factors. For example, reduced Trx enhances the NF-B binding affinity to DNA, whereas Trx-S 2 inhibits this binding (9). Similarly, Trx elevates DNA binding to transcription factors AP-1 (10) and AP-2 (11) in conjunction with the nuclear redox protein Ref-1 by reducing a specific cysteine residue in the DNA binding domain of Jun and Fos dimers.
Thioredoxins (Trx) 1 contain two redox-active cysteine residues in their conserved active centers that can be oxidized to form intramolecular disulfide bonds (Trx-S 2 ). Reduction of Trx-S 2 is catalyzed by Trx reductase with NADPH as the electron donor. The thiol oxidoreductase activity of Trx makes it suitable to function as an electron carrier for the catalytic actions of peroxidases and as a protector protein against unwarranted oxidant-mediated inter-or intramolecular disulfide bond formation (1) (2) (3) (4) . Trx is capable of removing H 2 O 2 (5), particularly when it is coupled with either methionine sulfoxide reductase (6) or Trx peroxidase systems (7) . At a relatively high concentration, Trx can enhance the biosynthesis of Mnsuperoxide dismutase (Mn-SOD) (8) . It can also selectively activate the DNA binding affinities of certain transcription factors. For example, reduced Trx enhances the NF-B binding affinity to DNA, whereas Trx-S 2 inhibits this binding (9) . Similarly, Trx elevates DNA binding to transcription factors AP-1 (10) and AP-2 (11) in conjunction with the nuclear redox protein Ref-1 by reducing a specific cysteine residue in the DNA binding domain of Jun and Fos dimers.
Because many oxidants or activators of cellular oxidative metabolism are inducers of apoptosis (12) , oxidative stress has been implicated in the induction of apoptosis. 1-Methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP), which metabolizes to form 1-methyl-4-phenylpyridinum (MPP ϩ ), known to generate ⅐ OH and oxidative stress in vivo (13) , has consistently been shown to induce apoptosis in SH-SY5Y cells (14) . Furthermore, because serum deprivation provokes apoptosis in a variety of cells, this in vitro model has been used extensively to investigate the regulation of apoptosis. The observed apoptosis has been attributed to decreased availability of cell survival factors (15) and/or increased levels of reactive oxygen species (ROS) (16) . Our preliminary data (17) suggested that serum deprivation causes an increase in both nitric oxide and ⅐ OH generation in SH-SY5Y cells. The observed serum deprivation-induced cell death was inhibited by ⅐ OH scavengers but not by inhibitors of nitric oxide synthase. Bcl-2 (18) and Trx peroxidase (19) have been shown to prevent apoptosis induced by oxidative stress. Moreover, reduced Trx may form a stable 1:1 complex with the apoptosis signaling-regulating kinase 1 (ASK 1) and protect cells from apoptosis by inhibiting ASK1 (20) , which is a regulatory kinase that activates c-Jun N-terminal kinase and p38 MAP kinase and is required for TNF␣-induced apoptosis (21) .
In this study, we showed that Trx in the submicromolar range protects neuronal SH-SY5Y cells from apoptosis caused by serum deprivation or by MPP ϩ . Using antisense oligonucleotides and reductase inhibitors, we showed that preconditioning treatment of SH-SY5Y cells with a non-lethal serumfree stress produces a hormesis effect mediated by the induction of Trx and leads to enhanced tolerance against oxidative stress and apoptosis induced by either serum deprivation or by MPP ϩ . Our results also revealed that 1 M of Trx can induce Mn-SOD generation and inhibit ⅐ OH production, lipid peroxidation, and apoptosis. In addition, Trx also induces the synthesis of Bcl-2, which inhibits cytochrome c release from mitochondria and suppresses mitochondria-mediated apoptosis.
MATERIALS AND METHODS
Materials-Human neuroblastoma SH-SY5Y cells were kindly provided by Dr. Carol Thiele (NCI). Other human cell lines were purchased from ATCC (Manassas, VA). Dulbecco's modified Eagle's medium and fetal bovine serum were obtained from Invitrogen. Oxidized Escherichia coli Trx-S 2 and human catalase antibody were purchased from Calbiochem. Trolox was from Aldrich. Hoechst 33258 (bisbenzimide) and * The costs of publication of this article were defrayed in part by the payment of page charges. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.
¶ To whom correspondence should be addressed: Laboratory of Clinical Science, National Institute of Mental Health, Bldg. 10, Room 3D-41, Bethesda, MD 20892-1264. Tel.: 301-496-3421; Fax: 301-402-0188; E-mail: chiueh@helix.nih.gov. 1 The abbreviations used are: Trx, thioredoxin; Mn-SOD, Mn-superoxide dismutase; DNCB, 1-chloro-2,4-dinitrobenzene; MPP ϩ , 1-methyl-4-phenylpyridinium; ROS, reactive oxygen species; MPTP, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine; S-oligo, phosphorthionate oligonucleotides; ⅐ OH, hydroxyl radical; HNE, 4-hydroxy-2,3-nonenal. Cell Cultures-Human cell lines such as neuroblastoma cells (SH-SY5Y), astoroglioma cells (U-87MG), and cervical cancer cells (HeLa) were cultured in Dulbecco's modified Eagle's medium containing 10% fetal bovine serum. The human lung carcinoma cells (A549) were cultured in RPMI 1640 medium containing 10% serum. The cells were then incubated in 5% CO 2 at 37°C for 2-3 days before use. In serum deprivation experiments, serum and phenol red were removed from the culture media for either 2 h (preconditioning stress) or 24 h (lethal stress).
Antisense and Sense Oligonucleotides-Antisense and sense oligonucleotides (nucleotide sequences: antisense, 5Ј-TCTGCTTCACCATCTT-GGCTGCT-3Ј; sense, 5Ј-AGCAGCCAAGATGGTGAAGCAGA-3Ј; mutant antisense, 5Ј-TCGTTCTCACCATCTTGGTCCGT-3Ј), designed by Saitoh and co-workers (20) to be hybridized with human Trx mRNA, were used. They were synthesized as phosphorthionate oligonucleotides (S-oligo). For transfection, 2 M of each S-oligo were mixed with 2 l of transfection reagent TM-50 (Promega, Madison, WI) in medium (800 l) with or without 10% fetal bovine serum for 15 min at room temperature, and then the mixture was added to cells at the beginning of cell culture.
Staining of Nuclear DNA in Apoptotic Cells with Hoechst 33258 -At the end of the serum deprivation experiments, control and treated cells were harvested and fixed with 4% paraformaldehyde in phosphatebuffered saline at 4°C for 30 min. After rinsing with saline, the nuclear DNAs were stained with 1 M Hoechst 33258 fluorescent dye for 5 min at room temperature (excitation/emission wavelength ϭ 365/420 nm) and observed with a fluorescent microscope. Apoptotic cells were identified on the basis of the presence of highly condensed or fragmented nuclei.
Trapping of ⅐ OH by Salicylate-A ⅐ OH-trapping reagent, sodium salicylate (1 mM), was used to monitor the generation of ⅐ OH in the culture media and to protect cells from oxidative damage induced by 24-h serum deprivation. Hydroxyl adducts of salicylate (2,3-and 2,5-dihydroxybenzoic acid) were monitored using a published high pressure liquid chromatography and electrochemical detection procedure (22) .
Lipid Peroxidation Assay-Cells were collected 24 h after serum deprivation stress in the presence or absence of Trx (Ͻ1 M). The collected cells were washed twice with ice-cold phosphate-buffered saline. After sonication in 200 l of phosphate-buffered saline, the protein concentration was determined using a protein assay kit (Bio-Rad). Fluorescent products of lipid peroxidation (excitation/emission wave lengths ϭ 356/426 nm) were measured using a Luminescent Spectrometer (PerkinElmer Life Sciences) (23) . The results were presented as relative fluorescent intensity. The numbers shown were defined as relative flurorescent units per mg.
Western and Slot Blotting-Cells were homogenized in cell lysis buffer that contained 20 mM Hepes-KOH pH 7.5, 10 mM KCl, 1.5 mM MgCl 2 , 1 mM EDTA, 1 mM EGTA, 1 mM dithiothreitol, and phenylmethylsulfonyl fluoride. The protein concentration was quantified using a Bio-Rad protein assay kit. Cell protein (20 g) was separated by electrophoresis using a 4 -20% gradient SDS-polyacrylamide gel and then transferred to a polyvinylidene difluoride membrane (Millipore, Bedford, MA). For the slot blotting experiments, cell lysates (1 g) were blotted on the polyvinylidene difluoride membrane. The blots were blocked with a 5% skim milk solution for 1 h at room temperature. It was then probed with a 1/2000 dilution of antibody such as anti-Trx, anti-cytochrome c, anti-Bcl-2, anti-Mn-SOD, anti-Cu/Zn-SOD, or anticatalase, at 4°C overnight. Subsequently, it was incubated with a horseradish peroxidase-linked antibody against mouse or rabbit IgG (1:2,000) for 1 h. Membrane-bound horseradish peroxidase-labeled protein bands were monitored with chemiluminescent reagents (Amersham Biosciences). Chemiluminescent signals were detected using xray film, and the area and intensity of the signal was integrated using the NIH Image program.
Measurement of Caspase Activity-Cells were homogenized in cell lysis buffer and centrifuged at 10,000 ϫ g for 1 min. After determining the protein concentration, one-half of the cell lysates were used for measuring the catalytic activities of caspase-9 and -3 using a colorimetric assay (R & D systems). LEHD-pNA, the substrate of caspase-9, and DEVD-pNA, the substrate of caspase-3, were incubated with cell lysates at 37°C for 2 h. Caspase-9 and -3 activities were monitored by the pNA chromophore cleaved from the substrates and quantified at 405 nm with a spectrophotometer (n ϭ 4).
Cytochrome c Release Assay-The assay used was described by Yang et al. (24) . The cytochrome c content in the mitochondrial and cytoplasmic fractions was determined using Western blotting procedures with anti-cytochrome c antibody.
Data are presented as mean Ϯ S.E. of the results obtained from the average of 4 -6 independent experiments. Some of the standard error bars are smaller than the symbols of the means. Results were analyzed by one-way analysis of variance, and p values were assigned using the Newman-Keuls test. Differences among means were considered statistically significant when the p value was less than 0.05.
RESULTS

Prevention of Serum Deprivation-induced Apoptosis by Submicromolar
Trx-It is known that Trx, at ten or higher micromolar ranges, can prevent apoptosis and induce expression of Mn-SOD (8) . When human brain-derived neuroblastoma SH-SY5Y cells were incubated in serum-containing culture medium for 24 h, only about 5% of the cells underwent apoptosis as indicated by chromatin condensation and nuclear fragmentation, which was revealed by the Hoechst 33258 dye-staining method. However, when the medium was replaced with serumfree medium, the population of cells that underwent apoptosis increased from 5.8 Ϯ 1.4% to 65.6 Ϯ 3% (p Ͻ 0.05, Fig. 1A) . Addition of E. coli Trx-S 2 (0.01-1 M), a membrane-permeable Trx, to the serum-free medium protected the cell from apoptotic cell death in a dose-dependent manner (Fig. 1A) . Similar protection, but with much lower sensitivity, was also observed with the water-soluble homologue of vitamin E, Trolox (1-100 M). show the effect of DNCB on apoptosis either in the presence or absence of serum revealed that at 5-10 M DNCB did not induce apoptosis, which is in agreement with that reported by Ishikawa et al. (27) . However, at 50 M DNCB induced 15 and 23% apoptosis in the presence and absence of serum, respectively. The results in Fig. 1B indicate that the protective species is the reduced form of Trx. It should be pointed out that Trx has been shown to enhance the proliferation of various human cell lines (28) . Our results revealed that 1 M Trx exerted no effect on the proliferation of SH-SY5Y cells (data not shown). Therefore, under our experimental conditions Trx simply supports the survival instead of enhancing the proliferation of cells.
Trx Inhibits Serum Deprivation-induced ⅐ OH Formation and Lipid Peroxidation-Serum deprivation has been shown to cause an increase in the level of reactive oxygen species (16, 17) . Fig. 2A shows that at the end of a 24-h serum-free treatment there was a 6-fold increase in ⅐ OH generation relative to that found in the control experiment. This elevation was reduced by the addition of 1 M Trx to a level slightly higher than that observed in the presence of serum. In the presence of oxygen, ⅐ OH can react with lipids to form peroxy lipid radicals that can react with polyunsaturated fatty acids to generate malondialdehyde and HNE (29, 30) . The data in Fig. 2B show that 24-h serum deprivation causes a 4.5-fold increase in malondialdehyde over serum control, and Trx suppressed the formation of malondialdehyde in a dose-dependent manner (p Ͻ 0.05). Furthermore, using anti-HNE antibodies we found that serum deprivation led to an elevation of the relative intensity of HNE (261.8 Ϯ 3.5 units) from that of the control (137.8 Ϯ 8.5 units), and the addition of 1 M Trx abolished this increase (118.8 Ϯ 4.1 units).
Effects of Trx on the Activities of Caspase-9, Caspase-3, Bcl-2 Expression, and Cytochrome c Release and the Expression of Antioxidant Enzymes-In view of the fact that apoptosis is carried out by caspases (31) , to investigate the nature of the apoptosis induced by serum deprivation we measured the activities of caspase-9 and caspase-3. Fig. 3 shows that 24-h serum deprivation causes a 10-fold increase in both caspase-9 and caspase-3 activities as measured by the cleavage of LEHDpNA and DEVD-pA, respectively. The elevation in the activities of these caspases was inhibited by Trx in a concentrationdependent manner (p Ͻ 0.05). To investigate how Trx inhibits this caspase-mediated apoptotic cascade, we monitored the changes in cytochrome c levels in both mitochondria and cytosol and the level of Bcl-2 as a function of serum deprivation incubation time in the presence or absence of Trx (Fig. 4A) . Serum deprivation had no effect on Bcl-2 levels, whereas the addition of 1 M Trx caused a time-dependent elevation in the Bcl-2 level. In the absence of Trx, the cytosolic level of cytochrome c increased significantly after 8-and 24-h incubations in serum-free medium due to its release from mitochondria, a process inhibited by the Trx-mediated elevation of Bcl-2. (Table I ). This property also makes these cells highly responsive to the Trx added extracellularly in protecting against oxidatively induced apoptosis. The data in Table I show that 0.5 and 1 M Trx provides a 54 and 84% reduction in serum deprivation-induced apoptosis, respectively, observed with SH-SY5Y cells after a 24-h incubation. However, cells that contain much higher levels of Trx showed that similar serumfree treatment induced significantly lower levels of apoptosis, and addition of 1 M Trx provided no observable protection.
Preconditioning Fig. 2 legend. The catalytic activities of caspase-9 (A) and caspase-3 (B) in cell lysates were assayed using the specific substrates LEHD-pNA and DEVD-pNA, respectively. The control sample was treated with 10% serum (CTL) (n ϭ 4).
ing stress provides additional protection against serum deprivation-induced apoptosis. Thus, we investigated whether endogenous Trx is involved in the observed hormesis. Fig. 6B reveals that following 24-h serum-free deprivation, the level of Trx increased by more than 3-fold. However, as shown in Fig.  6A , when the cells were subjected to a non-lethal 2-h incubation in serum-free medium 12 h prior to the 24-h serum deprivation, the level of Trx was further augmented (Fig. 6B) . The results in Fig. 6 , C and D show that without the preconditioning stress, 57-72% of the cells underwent apoptosis after the 24-h serum deprivation. However, hormesis (namely, with the 2-h nonlethal preconditioning stress) reduced the number of apoptotic cells to only 10 -15%. The preconditioning-induced endogenous Trx was blocked if the prestressed cells were first transfected with antisense oligonucleotide (Fig. 6B) . Moreover, in prestressed cells transfected with phosphorthionate sense or antisense mutants and then subjected to preconditioning stress followed by a 24-h serum-free deprivation, the levels of Trx appeared to be similar to those found in the absence of S-oligo or controls. The changes in the endogenous Trx levels proportionately reflect the extent of cellular protection from serum deprivation-induced apoptosis (Fig. 6C) . Furthermore, the protective effect is abolished by DNCB (5-50 M) in a concentrationdependent manner, implying that reduced Trx is the key player in this preconditioning action.
Effects of Hormesis and Trx on MPP ϩ -induced Apoptotic Cell Death-MPP
ϩ is a Parkinsonian-producing neurotoxin (34) that is known to generate ⅐ OH in vivo (13, 22) and can cause apoptotic cell death (14) . Fig. 7 shows that when SH-SY5Y cells were treated with 1 mM MPP ϩ for 24 h 75% of the population underwent apoptosis, and exogenous Trx inhibited the apoptotic cell death in a dose-dependent manner. Furthermore, addition of 1 mM sodium salicylate, a ⅐ OH scavenger, drastically reduced the MPP ϩ -induced apoptosis. Fig. 8 depicts the concentration-dependent, MPP ϩ -induced apoptosis of SH-SY5Y cells with or without preconditioning stress. These data reveal that hormesis, which causes the elevation of the endogenous Trx concentration, drastically enhances the tolerance of cells to oxidative stress. As a result, the LD 50 of MPP ϩ shifted from 0.1 to 3 mM due to the effect of hormesis or preconditioning stressinduced neuroprotection.
DISCUSSION
Using serum deprivation and MPP ϩ as models, our investigations of mechanisms by which Trx prevents oxidative stressinduced apoptosis revealed that its biosynthesis is required for hormesis, beneficial effects derived from low doses of potentially harmful substances, and preconditioning protection. Trx is known to induce cell proliferation (35) , and cancer cell lines with elevated expression of Trx are resistant to a variety of apoptosis-inducing agents including ROS (36) . However, the mechanism by which Trx protects cells from apoptosis is not well understood. Serum deprivation has been shown to increase the levels of intracellular ROS levels as monitored by the ROS-sensitive fluorescent indicator 6-carboxy-2Ј,7Ј-dichlorofluorescein diacetate (16), a nonspecific ROS indicator. Our results in Fig. 2 reveal that the elevated ROS include ⅐ OH and products of lipid peroxidation such as malondialdehyde. In addition, HNE was also elevated. Unlike the reports in the literature in which greater than 10 M of Trx was needed to protect against apoptosis, we observed that Trx in the submicromolar concentration range can protect SH-SY5Y cells from serum deprivation-induced apoptosis. Although at a much higher concentration, the protective effect of Trolox is indicative of the fact that lipid peroxidation occurs during serum-free treatment. Trolox inhibits the formation of HNE, a product of arachidonic acid peroxidation that is known to induce apoptosis in neuronal cells (26, 28, 37) . Consistent with this notion is the observation that antioxidants such as S-nitrosoglutathione, Nacetylcysteine, sodium salicylate, and the iron chelator desferoxamine also inhibited serum deprivation-induced apoptosis of SH-SY5Y cells (17) . 2 To investigate the reason why SH-SY5Y cells are much more sensitive to Trx protection than most cells reported (e.g. A549 cells) (8), we revealed that the level of Trx in SH-SY5Y cells is relatively low compared with that found in U-87MG, A549, or HeLa cells. Consequently, SH-SY5Y cells are more susceptible to serum deprivation-induced apoptosis and more responsive to extracellularly added Trx-mediated protection (see Table I ). Thus, SH-SY5Y cells are a good model cell line for studying the role of Trx in cellular protection.
ROS have been implicated in the induction of mitochondriamediated apoptosis (27, 28, 38, 39) , a process that includes the activation of procaspase-9 and the release of cytochrome c from the mitochondria to the cytosol. The mitochondria-mediated apoptosis can be suppressed by reduced Trx. Our data show that only the reduced Trx is capable of protecting SH-SY5Y cells from serum deprivation-induced apoptosis because the inhibition of Trx reductase by DNCB prevents the protective effects of Trx-S 2 . It should be pointed out that the added Trx was the oxidized Trx-S 2 from E. coli, since Trx-S 2 is membrane permeable (1) , and E. coli Trx-S 2 can serve as a substrate for human Trx reductase (8, 40) . Consistent with this notion, our data show that the apoptosis induced by serum-free treatment was mediated by activation of caspase-9 and the release of cytochrome c from the intermembrane space of mitochondria. Cytosolic cytochrome c is required for the formation of Apaf-2 T. Andoh, P. B. Chock, and C. C. Chiueh, unpublished data. 1⅐cytochrome c complex in the presence of dATP or ATP. This multimeric complex binds procaspase-9 and leads to its activation. The activation process involves Smac-induced release of inhibitor of apoptosis proteins, and the active caspase-9 activates downstream caspases such as caspase-3 (31, 32) . The release of cytochrome c is inhibited by Bcl-2 and Bcl-X L , each of which is known to preserve mitochondrial membrane integrity (33) . Trx inhibits the activation of caspase-9 and caspase-3 in a dose-dependent manner (Fig. 3) . This inhibition is most likely derived in part from its ability to elevate the levels of Mn-SOD and Bcl-2 (Fig. 4) . This enhancement was particularly pronounced after 8 h of incubation in the serum-free media containing 1 M Trx, the time at which a significant amount of cytochrome c was released into the cytosol in the absence of added Trx. The elevation in Mn-SOD may be mediated through Trx activation of protein kinase C (28), since this activation has been linked to enhanced expression of Mn-SOD mRNA (41).
Andoh et al. (17) reported that when SH-SY5Y cells were subjected to a serum-free treatment for 2 h (which was nonlethal) they observed an increased expression of Bcl-2 and neuronal nitric oxide synthase 24 to 36 h after treatment. As shown in Fig. 6 , such nonlethal stress causes a hormesis effect caused by the induction of Trx. This preconditioning stress effect requires the synthesis of Trx since the antisense oligonucleotide to Trx mRNA abolished the enhanced tolerance to serum deprivation-induced apoptosis. To further investigate the nature of this observed hormesis, we studied its effect on 6 . Hormesis augments the elevation of endogenous Trx levels and diminishes the apoptosis induced by serum deprivation. A, the experimental protocol showing the time window during which the SH-SY5Y cells were transfected with the phosphorthionate oligonucleotide probe (S-oligo), the 2-h preconditioning stress (Prestress), and the 24-h serum-free stress. B, Western blotting analysis using anti-human Trx monoclonal antibody. Cells were treated with or without preconditioning stress and S-oligo probes against Trx mRNA. S, sense S-oligo probe; Anti-S, antisense S-oligo probe. C, effect of S-oligo probes on preconditioning stress-induced cytoprotection against oxidative stress caused by 24-h serum-free stress. Apoptotic cell nuclei were stained with a fluorescent DNA dye (Hoechst 33258) at the end of the 24-h serum-free stress. D, effect of DNCB on preconditioning stressinduced cytoprotection. DNCB (5-50 M) was applied to SH-SY5Y cells during the 24-h serum-free stress (n ϭ 6).
FIG. 7. Effects of exogenous Trx and sodium salicylate (NaSA) on MPP
؉ -induced apoptosis. SH-SY5Y cells were treated with 1 mM MPP ϩ in the presence of the indicated concentrations of Trx or NaSA. After a 24-h incubation, the cells were stained with a nuclear dye (Hoechst 33258). Apoptotic cell death was quantitated as percent with respect to total cells detectable with a fluorescence microscope (n ϭ 6).
FIG. 8. The effect of hormesis on MPP
؉ -induced apoptotic cell death. SH-SY5Y cells were cultured in Dulbecco's modified Eagle's medium containing 10% fetal bovine serum. The cells were treated with q or without E a 2-h serum deprivation preconditioning 12 h prior to the addition of the indicated concentration of MPP ϩ . After a 24-h incubation with MPP ϩ , cells were stained with Hoechst 33258 to assess the extent of apoptosis (n ϭ 6).
MPP
ϩ -induced apoptosis. Chiueh et al. (13, 22) reported that MPP ϩ -induced neurotoxicity is mediated by the generation of ⅐ OH in vivo. Therefore, the observed MPTP-induced apoptosis in SH-SY5Y cells can be attributed to oxidative stress mediated by MPP ϩ (14) . Our data show that MPP ϩ -induced apoptosis can be suppressed by either Trx or the ⅐ OH scavenger, sodium salicylate (Fig. 7) . Interestingly, the concentration-dependent, MPP ϩ -induced apoptosis of SH-SY5Y cells is strikingly different between cells with and without hormesis. Cells that were subjected to two hours of nonlethal preconditioning oxidative stress 12 h prior to the 24-h MPP ϩ treatment exhibited a drastic increase in ability to protect against ROS-induced apoptosis. The LD 50 for MPP ϩ shifted from 0.1 mM for the control cells to 3 mM obtained with the preconditioning stressed cells.
In essence, we have shown that SH-SY5Y cells are highly sensitive to Trx-mediated protection against apoptosis and to serum deprivation-induced apoptosis due to the fact that these cells contain relatively low amounts of Trx. The protective effect of the reduced Trx is derived in part from its ability to elevate Mn-SOD and Bcl-2. In addition, we showed that hormesis against oxidative stress-induced apoptosis is required for the biosynthesis of Trx.
